Bioacoustics is historically adiscipline that essentially focuses on individual behaviour in relation to population and species evolutionary levels butr arely in connection with higher levels of ecological complexity likec ommunity,landscape or ecosystem. However, some recent bioacoustic researches have operated ac hange of scale by developing acoustic indices which aim is to characterize animal acoustic communities and soundscapes. We here reviewt hese indices for the first time. The indices can be divided into twoc lasses: the α or within-group indices and the β or between-group indices. Up to 21 α acoustic indices were proposed in less than six years. These indices estimate the amplitude, evenness, richness, heterogeneity of an acoustic community or soundscape. Seven β diversity indices were suggested to compare amplitude envelopes or,more often, frequencyspectral profiles. Both α and β indices reported congruent and expected results buttheymay still suffer some bias due, for instance, to anthropic background noise or variations in the distances between vocalising animals and the sensors. Research is still needed to improve the reliability of these newmathematical tools for biodiversity assessment and monitoring. We recommend the contemporary use of some of these indices to obtain complementary information. Eventually,weforesee that this newfield of research which tries to build bridges between animal behaviour and ecology should meet an important success in the next years for the assessment and monitoring of marine, freshwater and terrestrial biodiversity from individual-based leveltolandscape dimension.
Introduction
Bioacoustics is usually defined as the scientificdiscipline that studies the emission, propagation and reception of sound produced by animal species. Bioacoustic studies dealing with humans are rather rare as research on human voice, audition or music is mostly related to medical sciences and musicology respectively.T his definition has its origins in the paradigm of Shannon and Weaver [1] who describes communication as an emitter-receiver duo sharing information encoded in as ignal. In terms of acoustics, an individual (the emitter)p roduces amechanical vibration that embeds information (the signal)w hich propagates through amedium (air,water,vegetation, soil) and is receivedb ya nother individual (the receiver).T he reception of the signal may change the behaviour or the physiology of the receiver. The information is encoded by the emitter and decoded by the receiverthrough acode. This concept is extremely constructive as it builds a simple linear chain of events that are clearly identified and delimited (emission, propagation, reception). This explains whyn umerous bioacoustic studies refer,d irectly or indirectly,t ot he emitter-receiverp aradigm. However, this scheme could also be viewed as arather narrowconcept as it suggests that communication simply works as ac losed system between twoi ndividuals that share an encoding-decoding process. Studies on sound choruses clearly revealed that communication is structured in anetwork rather than in ao ne-to-one communication relation (for ar eviews ee [2, 3] ). The emitter and the receiver rarely form an isolated pair butr ather theyc ombine into ap iece of ac ommunication web spun by several emitters and receivers likei th appens in frog choruses (e.g. [4] ). The study of networks and choruses increased significantly during the last years and the recent development of microphone arrays opens the possibility to track individual acoustic activity and, therefore, to better estimate the interindividual interactions within anetwork of singing animals [5] . Even if cases of eavesdropping between species have been reported [6] and inter-specificinteractions have been explored (e.g. [7] ), the encoding-decoding information system used by adyad or anetwork of individuals is considered most often to be specifictoeach species [8] . This restriction to individuals from the same species is probably most often correct butinherently implies that animal communication is alocked system that prevents inter-specific interactions. Therefore, bioacoustics often focus on asingle or afew species suggesting that bioacoustics is mainly aspecies-centered discipline.
Historically,ecology is the science that examines the interactions of organisms with their environment, including both biotic and abiotic factors. Although ecology covers by essence all organization scales, from genes to ecosystems, bioacoustics investigate mostly infra-specifica nd specificl evels. Bioacoustic research led to finea rt tools to monitor the acoustic activity of species, population and even of individuals in both marine and terrestrial habitats [9, 10] . However, bioacoustics showed little interest in higher levels likec ommunity,e cosystem and landscape. This scale mismatch between bioacoustics and ecology may explain whyt hese twod isciplines rarely met: bioacoustics is considered as part of animal behaviour discipline not of ecology.
However, achange of scale in bioacoustics wasrecently achievedbytrying to zoom out on sounds produced by entire communities or on considering the total acoustic elements of al andscape, known better as the soundscape [11, 12, 13] . In ecology,acommunity can be defined as an assemblage or collection of interacting species found in a particular prescribed area or habitat [14, 15 ]. An acoustic community is then an assemblage of vocal animals acoustically active at ag iven site and ap articular time. These species may compete or cooperate for al imited acoustic space [7, 16, 17, 18, 19] .
Al andscape may be defined as ag eographical area characterized by spatial characters (patterns)t hat influence composition and distribution of individual species, populations and communities [20] , ac ultural entity [21] or as pecies-specificc ognitive dimension [22] . Despite the different epistemic perspective used to define al andscape, all sounds present in alandscape produce asoundscape defined by Pijanowski et al. [12, 13] as "the collection of biological, geophysical and anthropogenic sounds that emanate from alandscape and which vary overspace and time". The soundscape is therefore divided into three main components: the biophony( biologically produced sounds), the geophony( geophysically produced sounds) and the anthrophony(human produced sounds) [12, 13] .
The change of scale in bioacoustics is supported by the recent development of digital autonomous audio recorders that can collect in an unattended wayt he acoustic activity emanating from terrestrial, marine and aquatic environments [23, 24] (Figures 1a nd 2) .T hese devices can be deployed in large numbers to coveri mportant areas and long periods of time. This technology for the first time allows sampling automatically the acoustical activity of animal communities and the sounds from landscapes. This, in turn, permits to address ecological and conservation questions at an ecological level. The massive audio dataset collected need to be managed and analysed with efficient acoustic tools. In particular,r esearch in ecology has at radition of several indices that describe with as ingle value the ecological complexity from community to landscape scale (e.g. [25] ). The requirement for acoustic tools leads to the concomitant development of acousticbased ecological indices that could be used for biodiversity assessment, investigations on community dynamics and landscape patterns. We aim with this paper to review and comment some of these recent indices to better understand the relationship between environmental proxies and the acoustic complexity of vocal animals. All indices have been developed in terrestrial communities and landscapes so far. We will therefore focus our reviewo nt errestrial environments even if several indices can be used without major conceptual and technical issues to marine and freshwater environments [26] .
Biodiversity indices
An indexo fb iodiversity is am athematical function designed to evaluate some aspects of biodiversity.I nb iodiversity assessment, numerous indices have been developed to describe several diversity facets of animal and plant communities. These indices aim to quantifying, among others, richness, evenness, regularity,divergence or rarity in species abundances, traits, or phylogeny [ 27, 28, 29] . Ausual distinction in biodiversity assessment is made between the within-and between-group diversity,agroup being as ample unit as as ite, ah abitat or at ime event. The within-group diversity wasnamed the α diversity and the between-group the β diversity [30] . Both α and β diversities are computed from the list of entities belonging to as ample unit. Main α diversity indices are related to the number of entities (richness)a nd the relative abundance of each entity (evenness)i nas pecificc ollection. Main β diversity indices try to estimate similarity or dissimilarity between the lists of entities recorded at each site. In most cases, these entities are species, buto ther entities can be used including genes, evolutionary units, and functional traits (e.g. related to behaviour,morphology or ecology)to assess genetic, phylogenetic or functional diversity [28] .
Indices developed for biodiversity assessment were very recently adapted for the estimation of sound diversity emanating from natural environments. The entity to be assessed is therefore an acoustic community or as oundscape. Before, several indices were used to describe the perception and categorization of urban [31] and rural soundscapes [32, 33] according to ah uman perspective. These urban soundscape indices mainly rely on human perception scales [34] and their results are therefore difficult to compare due to potential differences in perception. However, recent efforts have been done to produce objective acoustic parameters that are not observer biased [35] . In this context, the idea of applying biodiversity indices to the analyses of acoustic recordings rose by trying in most cases to collect objective data.
Animal sound emission can be sampled within agroup -ac ommunity,al andscape -o ri nd i ff erent groups at the same time. It becomes then necessary to assess both within-and between-group acoustic diversity.S everal α acoustic indices have been developed to try to assess the richness or complexity of an acoustic community or soundscape and some β acoustic indices have been proposed to evaluate al evel of acoustic disparity between acoustic communities. We will reviewt hese twof amilies of indices successively.
Within-group indices: α acoustic diversity
Acoustic indices estimating within-group diversity can be divided into three categories: (1) indices using the amplitude, or intensity i.e. sound energy,( 2) indices that estimate al evel of complexity in terms of time, frequency and/or amplitude, and (3) indices that takeinto account the three components (biophony, geophony, and anthrophony) of asoundscape (Table I) .
Intensity indices
As imple measure of an acoustic community or as oundscape consists in measuring sound intensity.A lmost all measurements are sound levelp arameters L expressed in deciBel with different frequencyw eighting and time averaging leading to ap lethora of indices (e.g. [ 35] . These measurements are traditionally used for noise levela ssessment in urban soundscape (e.g. [36] )and occasionally in an ecological or conservation context [37, 38, 39] . However, accurate sound levelm easures require the use of numerous and expensive sound levelm eters and miss important information regarding the frequencya nd temporal patterns of sounds. These measures should be then accompanied with other indices working on the time and frequencydimensions. Two recent papers used amplitude measurements to estimate natural soundscape intensity [40, 41] . In French Guiana, the ambient acoustic amplitude of the audio files generated by 24 recorders wasestimated by computing the rootmean-square (RMS)o fthe absolute value of the rawsignals [40] . This information wassuccessfully used to draw amplitude-based maps of the forest area sampled butw as completed with metrics based on the frequencycontent of the soundscape. Soundscape power wasalso measured in arecent study in adeciduous and coniferous North American forest [41] . Howevert his wasn ot as tanding alone metric as sound power wasalso measured for 11 frequency intervals taking therefore into account the frequencyd imension of sound (see section Soundscape indices). Eventually,aset of six metrics related to amplitude wastested to estimate avian richness of an Australian site [42] .
Complexity indices
The concept of "complexity indices" is based on the assumption that the acoustic output of ac ommunity or a landscape will increase in complexity with the number of singing individuals and species. An indexthat captures the heterogeneity of sound should then give ap roxy of animal acoustic activity.T he first indexd eveloped in ac ontext community and landscape wasanindexthat assesses the relative abundance and composition of bird communities [43] . This indexc omputes the area under the frequencyspectrum above aspecificdBthreshold and within aspecificfrequencyrange. This metric, which is afunction of both sound levela nd the number of frequencyb ands used by the bird community,f acilitated the monitoring of species across Hawaiian bird submontane ecosystems [43] . One year later,o ne of the most used indices in biodiversity assessment, the Shannon Shannon evenness index, wasa pplied on sound emitted by animal communities by computing twoacoustic sub-indices H f ,and H t [44] .The Shannon indexd erivesf rom the computation of entropy. Foras et of S species, this indexi sc alculated with the equation
where p i is the proportion of individuals found in the ith species. The spectral entropy, H f ,was therefore obtained by applying Shannon evenness to the average frequencys pectrum scaled by its integral with species being replaced by frequencyb ins. Similarly,t he temporal entropy, H t , wasc omputed on the amplitude envelope obtained with the Hilbert transform of the signal, scaled by its integral as well. These twoi ndices were multiplied to obtain an acoustic entropynamed H ranging between 0and 1, with lowv alues indicating pure tones and high values sound with numerous and even frequencyb ands. This indexr eturned expected results on recordings made in aT anzanian forest where animal acoustic activity wash igh and background noise due to wind, rain and human activity very lowl eading to ah igh signal-to-noise ratio [44] . As light modification of the spectral entropyi ndex H f wasl ater introduced by reducing the frequencyresolution of the average spectra to 1kHz or by applying Shannon diversity (=Shannon evenness/ln number of frequency bins)( index H and AEI [45] ; index H [46] ; index ADI [47] ). It later appears that entropy, in particular its spectral component H f ,c ould give counter-intuitive results when applied to recordings where background noise dominates overa nimal sound production as it often occurs in temperate habi- Figure 3 . α acoustic diversity of aMediterranean landscape. Interpolation map representing the acoustic dynamics arising from the processing of one recording session via the computation of Acoustic Complexity Index( ACI) [ 50] . Twenty H4 recorders (Zoom Corporation, Japan; sample rate 44.1 kHz, 16 bit, stereo) were placed in an ecotonal area of abeech wood in the TuscanEmilian Apennine National Park, Fivizzano, Italy (central point 44 tats where diversity is lower than in tropical forests. This motivated the design of another index, named Acoustic Richness (AR)t hat combined temporal entropya nd amplitude butn ot spectral entropy [ 48] . This index AR reported values in agreement with bird species richness estimated aurally in aFrench temperate woodland [48] . The H indexa lso provedt ow ork coherently when applied to marine according as soon as the rawdata were filter out to remove noise due to seismic airgun activity [26] .
At the same time, the Gini index [ 49] wasa pplied to abinned frequencyspectrum above aspecified amplitude threshold leading to the Acoustic Evenness Index( AEI) [46] . The same year (2011), an acoustic complexity index, ACI,was developed to produce adirect quantification of soundscape complexity by computing the variability of the intensities registered in audio recordings, despite the presence of constant human-generated-noise [50, 51] . The ACI works on the matrix returned by ashort-term Fourier transform (STFT)applied to the complete recording or to as eries of successive windows. The computation mainly consists in summing up the absolute difference between twoadjacent values of intensity, I k − I k+1 ,where k is the kth position in the intensity values recorded along asingle frequencybin of the STFT.The ACI wassuccessfully applied in different Mediterranean soundscapes mainly composed with bird and cicada sound [50, 51, 52] (Figure 3) .
Recently,e ight metrics were used to search for an acoustic signature of different habitats in Northern Greece [53] . These metrics were all based on the frequencyspectrum, including the spectral centroid, standard deviation, kurtosis, skewness, zero-crossing rate, entropy, spectral flatness, and Spearman correlation to pink (1/f )n oise. None of these parameters were considered as an indexbut theywere used as aset of descriptors. Arandom forest algorithm with all these metrics yielded to aclassification of six habitat types with av ery lowe rror rate (< 1%). The most significant descriptors in the classification were the centroid, the spectral flatness and the entropys uggesting that theycan participate to habitat specificambient sound patterns and could be used to characterise and discriminate habitats.
Another indexo fs ound complexity,n amed NP,w as built by simply counting the number of major frequency peaks obtained on am ean spectrum [19] . This indexr esults from the assumption that spectral complexity of a sound can be assessed by the number of frequencybands occupied. It is indeed expected that as ound produced by n + k species should contain more frequencypeaks than a sound due to n species only.The NP indexisalso supposed to be insensitive to noise that does not perfectly match with the sound of interest as residual frequencyp eaks due to background sound can be easily discarded. However, some bias may also appear as asingle species producing anoiselikesound, likesome cicadas do, may return ahigher NP indexthan several species producing pure tone sound. This bias may also affect other indices.
Five newindices were very recently designed: (i) midband activity or the fraction of spectrogram cells in the mid-band (482-3500 Hz)where the spectral amplitude exceeds aspecificthreshold, (ii) entropyofspectral maxima H m which is an entropy-likeindexfocusing on the 4282-8820 Hz frequencyband, (iii)entropyofspectral variance H v that is based on the same principle of the spectral index H f butc omputes the variance instead of the average of each frequencybin, (iv) spectral diversity that estimates the number of distinct spectral clusters, and (v) spectral persistence which is related to spectral diversity by estimating the average duration of clusters that persist along time [42] .
Soundscape indices
Another family of indices, derivedd irectly from the concept of soundscape ecology,w hich divides as oundscape into biophony, geophonyand anthrophony. The main idea is to estimate the relative contribution of biophonyc ompared to geophonya nd anthrophony. To separate the sources of these three components is not an easy task. Therefore as implified approach wasu sed that splits the spectral profile of the soundscape into twom ain regions: (1) the frequencyb and between 0.2 and 2kHz would mainly consist of mechanical signals (anthrophony),a nd (2) the frequencyband between 2and 8kHz would be primarily occupied by animal sound production (biophony). The sound due to wind or rain would covert he entire spectrum with more energy in the lower frequencies [54] . These limits, that were first defined empirically,were controlled later with recordings taken along an urban-rural gradient [45] . Nonetheless these limits might be slightly artificial as it is known that animals may produce sound below2kHz and above 8kHz. In particular,t hese limits will likely be different in tropical habitats where animal acoustic diversity is not typically limited within the 2-8kHz frequencyb and. Al evel of energy per soundscape component, i.e. per frequencyb and, can be assessed on the frequencys pectrum, which has been discretized to a 1kHz resolution. It is then possible to quantify ar elative levelo fe nergy of anthrophony( a )a nd biophony( b )a nd to compute their ratio (b/a)leading to the first soundscape indext hat essentially estimates the relative levelo fb iophony. This ratio wasfirst symbolised with the Greek letter ρ [54] . Av ariation of the ρ index, termed Normalised Difference Soundscape Index( NDSI), wasintroduced by computing the ratio (b−a)/(b+a) [55] . NDSI indexranges between −1and 1, with lowand high values indicating the prevalence of the anthrophonic and biophonic sound, respectively.T he indexN DSI wasu sed in as oundscape library to qualify online samples [55] and to examine and map changes in soundscape composition in aNorth American lacustrine forest habitat [41] . The anthrophonya nd biophonye nergy levelc an also be treated independently without computing aratio as it wasdone when investigating the spatial and temporal patterns of soundscape characteristics in an urban-rural landscape gradient (value biophony [45] ; value bioPeak [56] ).
Between-group indices: β acoustic diversity
A β acoustic diversity should help in determining how much twoo rm ore acoustic communities or soundscapes are acoustically different, or in assessing the changes between twod ates of af ocused community or landscape. The measure of sound divergence is not straightforward as sound can vary independently along three dimensions, i.e. time, frequencya nd amplitude, and homology along each of these three dimensions might not be clear.Inaddition, in the particular case of outdoor recordings, the distance between the sources (the calling animals)a nd the sensor (the audio recorders)c an induce amplitude variations among recordings that should not be interpreted as relevant differences. The comparison of one-dimension contours (envelope, spectrum)isnot trivial as revealed in other disciplines than acoustics [57, 58, 59] . There is therefore no universal metric that properly estimate sound similarity or difference. Current acoustic indices in use for ecology might therefore not be optimal butt heyr eturned expected results so far (Table I) .
Afi rst attempt to compare the acoustic output of animal communities wasmade comparing Hilbert amplitude envelopes and average frequencyspectra [44] . The dissimilarity index, named D,isthe multiplication of two-sub indices, D t and D f . D t is obtained by computing the Hilbert amplitude envelope of each sound, scaling each envelope by its integral, and computing the difference for each time sample. Similarly, D f ,i so btained by computing the average of the STFT of each sound, scaling each average spectra by its integral, and computing the difference for each frequencybin. D is the multiplication of D t and D f , tends towards 0f or similar sound and towards 1f or distinct sound. This indexw as applied when comparing two Tanzanian forest communities [44] and analysing temperate woodland bird communities [48] . However, it also appears that the index D t requires ap erfect temporal homology between the amplitude envelopes to be compared. This strict homology may not be met even with synchronised recordings. The sub-index D t wastherefore not used in other analyses and only the sub-index D f waskept. The D f indexrevealed clear temporal and geographical variation of distant NewC aledonian sites [19] (Figure 4 ) and also highlighted time and spatial patterns within apatch of atropical rainforest in French Guiana [40] .
Four other distance metrics were used to compare the average spectrum of bird songs: (1) the KolmogorovSmirnovd istance that is the maximum distance between twocumulated frequencyspectra, (2) the symmetric Kullback-Leibler distance that computes the relative entropy between twop robability frequencys pectra, (3) the similarity RV vectorial correlation coefficient that measures the correlation between twomatrices [60] , (4) the cumulative frequencyd issimiliarity D cf [61] . The index D cf works as D f butt akes cumulative frequencys pectra as inputs. This indexh as the advantage to be sensitive not only to the spectral overlap between twos pectra buta lso to the mean distance between the different frequencyp eaks of the twos pectra. All indices, including D f ,w ere proved to be highly correlated generating similar results. D f and D cf could be preferred due to their simplicity in terms of computation.
Comments and prospectus
To findas ingle indext hat summarizes all biodiversity facets is undoubtedly utopian. There will not be anys ingle value that will reliably estimate all levels of local or regional diversity.T he motivation to finds uch au nique parameter derivesprobably from the request of managers, politicians and policym akers who need as ingle and easy to understand value to takec onservation decisions [62, 63] . The same phenomenon seems to happen with acoustic indices: there is acurrent search for asingle index that would give the most reliable and complete information on the acoustic and diversity states of apopulation, a community or alandscape. This explains why, after afew years only,several indices have been proposed in the same time buthavebeen used very rarely together [45] (Table I) .
The α acoustic indices achieveda ni mportant success probably because theyaspire to give asingle value, akind of signature, to an acoustic community or as oundscape. These indices returned congruent results revealing, for instance, changes in bird species richness in accordance with aural identification [48] or complexpatterns of the soundscape across different temporal scales [51] . Howeveri ti s important to note that theymay be affected by several factors liketransitory or permanent background noise, variation in the distance of the animals to the sensor,the relative intensity and calling repetition of the calling animals, time and/or frequencyoverlap between sounds arising from different sources. These variations should be evaluated soon in different contexts, such as different habitats (vegetation structure and composition)and different sampling efforts. In addition, ac lear correlation between the α indices and the levelofcommunity diversity or soundscape complexity has not been established yet. There is therefore still an eed for ac onfrontation between classical direct fieldbased data likeindividual and/or species aural counting by volunteer observers and acoustic inferences. The research of α indices is currently in development: the improvement of former indices and the emergence of newi ndices are expected in the next years. As an example, acoustic diversity indices used so farwere mainly based on the Shannon evenness indexb ut other classical indices, liket he exponential of the entropyo rt he Hill index [ 64, 65] could inspire quickly new α acoustic indices. However, it is highly probable that asingle indexwill nevercoverall biodiversity facets and be reliable in all contexts. Combinations of indices could lead to more efficient results as already explored by [42] . We therefore recommend the use of several complementary α indices.
Compared to the important number of α indices, few β indices have been conceiveds of ar (Table I) .B ioacoustics shows agreat interest in sound comparison to identify automatically species or individuals [66, 67, 68, 69, 70] . However, the comparative methods used in these contexts are adapted to closely related sounds, as vocalisations produced by asingle individual, butare in most cases irrelevant to compare sounds emerging from communities and landscapes where strict time and frequencyh omologies are difficult to define. The β acoustic indices in current use are all based on simple distances between time envelopes or spectral profiles. These indices are very simple and might need arefinement. In particular,theymay not be optimal as theya re all based on ap ointwise comparison. This is particularly the case of the D f indexthat operates a subtraction of homologous frequencybins. These indices, like D f ,c an return unexpected important differences for twofrequencyspectra with similar shapes butonly slightly shifted in frequency. Other metrics that compare vectors of proportions (here frequencys pectra)c an be envisaged to replace the index D f used so far. Such metrics could be for example the Orlóci chord distance [71] and the MorisitaHorn metric [72, 73] . Eventually,another method to compare community or landscape acoustics could be to use the symbolic aggregate approximation (SAX, [74] ) [ 55] . SAX consists in converting anumerical series into acharacter string by transforming the data into adiscrete string of letters. The size of the string can be chosen as well as the length of the alphabet. This results in ad imensionality reduction and lower bounding. SAX is currently in use for data mining, in particular for online search of similar soundscapes (see http://lib.real.msu.edu/)b ut it could be used to address ecological questions where spectral dissimilarities have to be computed.
All the developments in relation to acoustic indices for biodiversity assessment and landscape ecology can be considered as an ew turn in bioacoustics with ac hange of scale from species to community and landscape. Am ajor issue in ecology is to collect data overlarge areas and long time periods with ah igh and regular repetition rate [75] . By investigating acoustic communities and soundscapes, bioacoustics provides an efficient wayt os ample large ecological units. If the scaling up towards communities and landscapes sounds apromising avenue for bioacoustics and ecology,this process should not discredit the historical species-specificapproach that provides accurate information on populations and species dynamics. Forthcoming efforts should consider all units of the ecological
